Low electrical currents are reported to enhance the activity of tobramycin and biocides against biofilm bacteria. We report that the activity of those antibiotics to which the bacterium is susceptible in its planktonic state may be enhanced by a low electrical current against the more resistant biofilm cells. Pseudomonas aeruginosa biofilms were formed on a dialysis membrane suspended between two parallel electrode plates in an electrical colonisation cell. Ciprofloxacin, polymyxin B and piperacillin were tested on biofilms at ten times their MIC for 12 h in the presence of 0 (control) and 9 mA/cm 2 current density. At these concentrations the antibiotics alone reduced the biofilm population, but in the presence of an electrical current the population was further reduced by ciprofloxacin and polymyxin B though not by piperacillin. Exposure of the planktonic bacteria to the same concentrations of antibiotics demonstrated that ciprofloxacin and polymyxin B reduced the population to below 1% after 12 h and below 0.1% after 24 h, while piperacillin was bacteriostatic. The results suggest that the electrical current can enhance the activity against biofilms of only those antibiotics that are effective against planktonic cells.
Introduction
Device-related infections caused by Pseudomonas aeruginosa are more serious than those caused by other infectious agents (Bone, 1993) . The organism is very difficult to eradicate due to its multi-resistance to many commonly used antibiotics (Morrison & Wenzel, 1984) and due to its ability to adhere and to form thick biofilms on both tissue (Costerton, 1979) and artificial surfaces (Gristina, Costerton & McGanity, 1984) . Cells growing within biofilms are resistant to concentrations of antibiotics to which planktonic cells are normally susceptible (Nickel el al., 1985) . The combined use of antibiotics and weak electrical currents has potential as a new antimicrobial strategy against biofilms and may provide greater control of P. aeruginosa infections (Costerton et al., 1994) . The antimicrobial action of this combination has been termed the bioelectric effect.
Antimicrobial agents commonly used in P. aeruginosa infections include aminoglycosides, primarily tobramycin and gentamicin; anti-pseudomonal penicillins, such as mezlocillin, piperacillin, ticarcillin or azlocillin; expanded-spectrum cephalosporins, imipenem and fluoroquinolones (Shah & Freeh, 1986) . Polymyxins are used for severe P. aeruginosa infections where the organism has acquired resistance to aminoglycosides and penicillins.
Of the four groups of antibiotics, the fluoroquinolones, aminoglycosides and penicillins are more effective against metabolically active and growing cells while polymyxins are active regardless of metabolic activity. Consequently, apart from the polymyxins, most of these antibiotics will be affected by the physiological state of the target microorganism. Eng et al. (1991) observed that ciprofloxacin and gentamicin had a bacterial killing rate almost five times greater than piperacillin against slow-growing Gram-negative organisms, including P. aeruginosa. Under these conditions, only the fluoroquinolones were bactericidal against nongrowing Gram-negative bacteria but none was bactericidal against Staphylococcus aureus (Eng et al., 1991) . Tuomanen et al. (1986) and Cozens et al. (1986) found the killing activity of many /Mactam antibiotics was more dependent on bacterial growth rate than on the nature of the growth-limiting nutrient. Those antibiotics which were less dependent on growth rate exhibited superior activity in vivo. These and other results suggest that bacterial infection is growth-rate-limited (Cozens el al., 1986; Brown, Allison & Gilbert, 1988) . Widmer et al. (1991) demonstrated a similar association with growth rate and antibiotic efficacy but they also correlated the results with device-associated infections. The authors discovered that /Mactam antibiotics were least effective against these types of infections while ciprofloxacin produced the best results (Widmer et al., 1991) .
Low electrical currents in the absence of antimicrobial agents killed planktonic cells in medium containing chloride ions by iontophoresis (Davis et al., 1989; Davis et al., 1994) . The bioelectric effect against biofilm bacteria has been investigated using biocides (Blenkinsopp, Khoury & Costerton, 1992) and antibiotics (Costerton et al., 1994; Jass, Costerton & Lappin-Scott, 1995) . Tobramycin has been the only antibiotic used in these investigations and no studies have been done on the enhancement of antibiotics with other modes of action. In this study, the effect of antibiotics with different mechanisms of action are compared in the presence and absence of an electrical current on P.aeruginosa biofilms.
Methods
Culture and growth conditions P. aeruginosa EX226 culture was isolated from a urinary catheter-associated infection at the Royal Devon and Exeter Hospital, UK. Continuous culture was established in a glucose-limited minimal salts medium (MS medium) that excluded chloride-containing compounds (Jass et al., 1995) . The 2 L culture vessel was connected to an Electrolab P300 agitation unit and an Anglicon computerised control panel (Brighton Systems Ltd., Sussex, UK). Fresh 10 ITIM glucose MS medium was fed into the chemostat culture (1150 mL) at 15 mL/h to give a dilution rate (£>) of 0.013/h and /*", of 0.025/h. The preparation of the continuous culture has been described previously (Jass et al., 1995) . The culture provided a constant inoculum for the colonisation studies.
Antibiotics
Antibiotics were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Solutions of ciprofloxacin, polymyxin B and piperacillin for the antibiotic sensitivity assays were prepared on the day of use, at concentrations below 1500mg/L in either sterile 1/4 Ringer's solution or distilled water and diluted to desired concentrations. For the biofilm experiments, the appropriate amount of antibiotic was dissolved 10-15 mL of medium or distilled water, filter-sterilised (0.22 /jm Minisart, Sartorius, Germany) and added to the total volume of medium.
MIC and MBC determinations
MICs and MBCs were determined by the standard macrodilution method in (Jones, Garan & Washington, 1985) . A 100/iL of a exponentially growing culture diluted to 10 6 cfu/mL was inoculated into 2.0 mL of medium containing antibiotic and incubated for 20-24 h at 37°C. The lowest concentration of antibiotic at which there was no visible bacterial growth was identified as the MIC (Briceland, Pasko & Mylotte, 1987) .
MBCs were determined by spread-plating 100/iL from the tubes that had no visible bacterial growth from the MIC assay. Antibiotic concentrations which produced less than 45 colonies per plate were considered bactericidal as defined by inhibition of 99.9% of the starting population (Schoenknecht, Sabath &Thornsberry, 1985) .
Planktonic killing curves
The killing curves for P. aeruginosa were determined in 10 mL of 10 mM glucose-MS medium containing 5 mg/L ciprofloxacin, 20 mg/L polymyxin B or 40 mg/L piperacillin. Each antibiotic was inoculated with 1 mL of 1/10 diluted chemostat culture and incubated at 37°C. At 0, 4, 8, 12 and 24 h, 1.0 mL was withdrawn, microcentrifuged (13,000 rpm for 5 min) and resuspended in 1/4 Ringer's solution. The surviving bacteria were enumerated by serially diluting and spread-plating the appropriate dilution onto nutrient agar plates and incubating at 37°C for 1-2 days.
Antibiotic and electrical treatment of biofilms
An electrical colonisation cell (ECC) was designed so that a biofilm could form on a surface away from the electrodes, avoiding any electrochemical and mechanical disturbances whilst remaining in the path of an electrical current. The ECC described previously (Jass et al., 1995) , based on two parallel electrode plates facing each other with a biofilm formed onto a dialysis membrane surface suspended in parallel, equally spaced from each electrode, was used.
Biofilms of P. aeruginosa were formed on treated dialysis membranes using a chemostat culture for 1-2 h to allow initial colonisation, followed by sterile 10 mM glucose-MS medium for an additional 22 h. Each colonisation experiment comprised two ECCs; one connected to an electrical source and the other remaining as a control (not treated with electricity). The biofilms were treated for a further 12 h with 0 (control) or 9 mA/cm 2 current density in the presence or absence of antibiotics. The antibiotic concentrations were ten times the MIC of ciprofloxacin (5 mg/L), polymyxin B (20 mg/L) or piperacillin (40 mg/L). The membranes were divided into four equal sections for determination of viable and total bacterial counts and for S.E.M.
Bacterial enumeration
Biofilm bacteria were dispersed from the membrane surface into 1/4 Ringer's solution by sonicating in an ultrasonic bath and vortexing with several sterile glass beads. Aliquots were removed for viable count determination and total cell counts. Total bacterial populations of the sessile cells were enumerated by fluorescent staining with 5-cyano-2,3-ditolyl tetrazolium chloride (CTC, Polysciences Inc, Warrington, PA) and counted using fluorescence microscopy (Walsh et al., 1995) . Bacteria were fixed with glutaraldehyde, washed with 1/4 Ringer's solution and stained with 0.5 mM CTC-1/4 Ringer's solution (Walsh et al., 1995) . The cells were incubated at 60°C for 1 h, diluted to 10 mL with 1/4 Ringer's solutions and dispersed by sonication and vortexing. The stained cells were filtered onto a 0.22 /xm polycarbonate filter (Poretics Corp., California, USA) and counted using an Olympus microscope equipped with a BH2-RFCA epifluorescence illumination system and a mercury lamp (Olympus Optical Co (UK) Ltd, London, UK).
Scanning electron microscopy
Surfaces with adherent bacteria were rinsed in 1/4 Ringer's solution and fixed with 3.0% v/v glutaraldehyde in cacodylate buffer (0.1 M, pH 7.4) for 2 h at room temperature or overnight at 10°C. The specimens were washed with cacodylate buffer and dehydrated in a series of 30%, 50%, 70% and 100% ethanol in water. Samples were air dried, mounted, sputter coated with either gold or palladium-gold and viewed on a Cambridge 2000 scanning electron microscope (Leica, Cambridge,UK) at 15kV accelerating voltage.
Statistical analysis
The treatments with and without electrical current for the antibiotics were compared in pairs using the student /-test for independent samples, using the Excel statistics package for a Macintosh computer.
Results

Planktonic killing curves
Three antibiotics used against P. aeruginosa infections, ciprofloxacin, piperacillin and polymyxin B, were evaluated for their efficacy against planktonic bacteria. These antibiotics were selected for their different mechanisms of activity and the susceptibility of the P. aeruginosa strain used, which was susceptible to all three antibiotics. The concentrations used for the study were based on their MIC, which were 0.5 mg/L for ciprofloxacin, 4 mg/L for piperacillin and 2 mg/L for polymyxin B. The bacterium was incubated in 10 mM glucose-MS medium containing ten times the MIC of each antibiotic, 5 mg/L ciprofloxacin, 20 mg/L polymyxin B or 40 mg/L piperacillin. The efficacy of the antibiotic against planktonic cells was assessed by the number of viable bacteria remaining at different time intervals, and the results are shown in Figure 1 . Ciprofloxacin and polymyxin B reduced the viable bacterial population by 99% following 12 h treatment and by 99.9% after 24 h. Piperacillin, however, had a bacteristatic effect on the planktonic cells, where the population was neither substantially decreased nor increased over the 24 h. In the absence of any antimicrobial agent, the bacterial population continued to rise.
The effect of antibiotics and electrical current on 24 h biofilms
The bioelectric effect, using the three antibiotics, was assessed against 24 h P. aeruginosa biofilms in an ECC in separate experiments using 0 (control) or 9 mA/cm 2 current density for 12 h. The 24 h biofilms of P. aeruginosa were not affected by the electrical current alone but some of the combinations of currents and antibiotics did successfully reduce the viable population (Figure 2) . Ciprofloxacin was the most effective antibiotic in the presence and absence of an electrical current. All three antibiotics significantly reduced the population size when used alone (Figure 2) . When the electrical current was applied, the action of ciprofloxacin and polymyxin B was further enhanced. Although piperacillin alone significantly reduced the population, no further decrease was observed when 9 mA/cm 2 current density was applied (Figure 2 ). The total population remaining on the surface after the different treatments was assessed by CTC fluorescent staining and direct microscopic counts. A high proportion of the cells appeared to remain adherent to the surface (Figure 3 ). These data suggest that biofilm bacteria were not physically removed by the combined antibiotic and electrical current treatment although the viable cell numbers were reduced (Figure 2) . The total population of P. aeruginosa on the surface was reduced below 10 7 cells only when treated with ciprofloxacin and in this case the adherent population was further decreased by 0.5 log in the presence of an electrical current (Figure 3 ). a relatively even distribution of cells over the colonised surface. There was no visible difference morphologically between the starting biofilm population (Figure 4 ) and those treated for 12 h with 0 (control) and 9 mA/cm 2 current density (data not shown). This supports the results for the viable counts ( Figure 2 ) and total cell counts (Figure 3) where there was no significant difference in cell numbers between these treatments.
Biofilms treated with ciprofloxacin were reduced to a sparse scattering of bacterial cells on the surface of the dialysis membrane ( Figure 5(a) ). The combination of electrical current and ciprofloxacin appeared to alter the cell morphology, possibly caused by condensation of the exopolymer (Figure 5(b) ). As this was not seen in controls without antibiotics, or in those exposed to ciprofloxacin alone, we suggest that it might be due to the combined actions of ciprofloxacin and electrical current. Although it did not produce the sparse covering as with ciprofloxacin alone (Figure 5(a) ) there was a reduction in biofilm population compared to the control (Figure 4 ). Biofilms treated with polymyxin B exhibited altered cellular morphology (Figure 6(a) ) and biofilm that remained on the surface of the dialysis membrane appeared unlike the starting population (Figure 4 ). This antibiotic caused the production of long chains of short round cells, visible in the electrically treated biofilms (Figure 6(b) ). The surface coverage after treatment with polymyxin B was more sparse in the presence than in the absence of the electrical current.
The most pronounced morphological alteration to the cells and biofilm occurred when treated with piperacillin (Figure 7(a), (b) ). This antibiotic inhibits septum formation producing large and excessively long cells. The effect of antibiotics and electrical current together also produced elongated bacterial cells which appeared larger and more intertwined over the surface (Figure 7(b) ). Furthermore, the micrographs revealed a few cells that remained 1-2 ^m long when treated with piperacillin alone (Figure 7(a) ) however, none was readily visible when treated in combination with an electrical current (Figure 7(b) ). The different treatments produced morphological changes to the bacterial cells that made comparison difficult especially for the piperacillin-treated biofilms. It is evident that all of the biofilms produced a definite contrast to that of the starting population (Figure 4) and that there were differences between those with and without electrical current.
Discussion
This is the first report of the bioelectric effect using antibiotics other than aminoglycosides. The study has demonstrated that an electrical current can enhance the activity of some antibiotics but not of others. The antibiotics tested have different mechanisms of activity and thus have to overcome a variety of bacterial resistance strategies. These factors are reflected in their MICs. The concentration of each antibiotic used was ten times the MIC, in order to provide a comparable effective concentration against biofilm cells. All antibiotics must initially overcome the physical barrier of the biofilm matrix which may include copious amounts of exopolymer surrounding the cells. Subsequently, in Gram-negative bacteria, antibiotics with intracellular targets must traverse the outer and inner membranes to reach their target. These antibiotics are generally rendered ineffective if the target site is altered or the specific target site is reduced to minimal levels. Some of these barriers may be reduced or eliminated by applying an electrical current to the biofilm, thus increasing the antibiotic efficacy (Glaser et al., 1988; Yabuki et al., 1991; Barrier et al., 1993) .
The MIC values demonstrated that all three antibiotics were effective against P. aeruginosa. However, the planktonic killing curves suggested that ciprofloxacin and polymyxin B were the most effective antimicrobial agents and piperacillin was less effective (Figure 1 ). Others have shown that most antibiotics have increased efficacy against bacteria with increased growth rate (Widmer et al., 1991; Evans et al., 1990 Evans et al., , 1991 . In this study a chemostat culture maintained at a low growth rate was inoculated into medium containing the different antibiotics. The relatively small increase in the planktonic population in the absence of an antibiotic suggested that limited nutrients were available and a relatively slow growth rate was operating.
Cationic antibiotics such as tobramycin and polymyxin B may complex with exopolysaccharide material comprising a large portion of the biofilm matrix (Farber et al., 1990) . The scanning electron micrographs show not only unusual cell morphology when treated with the different antibiotics and electrical currents but an altered biofilm structure compared to the original 24 h biofilm. By introducing cations to the exopolysaccharide, a ridged gel-like structure may form and upon dehydration the structure could crack (Hoyle & Costerton, 1989) . Polymyxin B requires access to the bacterial cell membrane by moving through the outer membrane. Polymyxin B is a large molecule which binds to the exopolymer by displacing cations associated with membrane stability. Farber, Kaplan & Clogston (1990) observed that the mucoid slime extracted from Staphylococcus epidermidis raised the MIC of vancomycin and teicoplanin in other 5. epidermidis strains. They concluded that due to the exopolymer the glycopeptide antibiotics may be totally ineffective or less effective against foreign body infections. The exopolysaccharide is believed to either complex with the antibiotic or provide a physical barrier to diffusion by the antibiotic (Farber et al., 1990; Hoyle, Jass & Costerton, 1990) . If only the metabolic activity of the P. aeruginosa within the biofilm was enhanced by the current then the electrical current would have little effect on the activity of polymyxin B. In contrast, the results show a significant decrease in the viable population in the presence of an electrical current and polymyxin B, suggesting that it is not simply the activity of a bionlm that is affected by the current. In this instance the ionic nature of the antibiotic may help diffusion through the biofilm in the presence of an electric field and increase bacterial killing.
The portion of the biofilm population remaining viable after treatment with ciprofloxacin was substantially lower than with other antibiotics, and this was further enhanced by the electrical current. The SEM micrographs of ciprofloxacin-treated biofilms suggest that cells were lysed resulting in a lower total population. Ciprofloxacin was the most effective agent against biofilm cells, though it was not the most effective antibiotic when tested against planktonic bacteria. Evans et al. (1991) observed that P. aeruginosa biofilm cells and resuspended biofilm cells demonstrated a higher level of resistance to ciprofloxacin than chemostat-grown planktonic bacteria. They attributed this resistance to the exopolymer surrounding the biofilm, though growth-rate dependence was also an important factor (Evans et al., 1991) . Under the conditions of the experiments, the biofilm cells could have been more metabolically active than the planktonic cells.
The SEMs of the biofilms treated with antibiotics and electrical currents demonstrated that electrical current alters their 3-dimensional structure. It has been shown that the biofilm structure is important in its resistance to antimicrobial agents (Nickel et al., 1985) . The micrographs also reveal morphological changes to the individual bacterial cells corresponding to the effect of the different antibiotics both in the presence and absence of an electrical current. These results suggest that the antibiotics are reaching the cells within the biofilm regardless of the electrical current. Consequently, the electrical current must enhance the effect of the antibiotics by a number of different mechanisms. Berrier et al. (1993) demonstrated that outer membrane porin proteins of E. coli were affected by changes in the membrane potential. It has not been determined to what extent a low electrical field affects these systems, but this may affect antibiotics such as the ^-lactams, which are dependent on outer membrane porin proteins for movement into the periplasmic space and into the cells. Of the three antibiotics, piperacillin was least effective against the planktonic cells and it was also the only one not significantly enhanced by the electrical current. The /J-lactam antibiotics are neutralised by different /Mactamases which in the presence of an electrical current may be produced in larger quantities. We have also previously reported that biofilms are thicker when grown in the presence of an electrical current, this possibly being due to the influx of charged nutrients which may increase some metabolic processes (Jass et al., 1995) . Davis el al. (1989) reported that low electrical currents killed planktonic cells in the absence of any antimicrobial agents, later concluding that the current generated toxic chloride ions which killed the bacteria (Davis et al., 1994) . Costerton et al. (1994) also found a reduction in the biofilm population though not to the same extent observed by Davis et al. (1989) . To assess the effect of the different antibiotics alone in the presence of an electrical current, chloride-containing compounds were eliminated from the growth medium. Consequently, the electrical current in the absence of antibiotic did not kill the biofilm bacteria. There was also no additional increase in cell population within the biofilm as we had previously reported for 48 h biofilms formed in the presence of an electrical current (Jass et a/., 1995) . The short period of time that the biofilm was exposed to the electrical current did not increase the population from the control (0 mA/cm 2 ).
This paper clearly demonstrates that some but not all antibiotics are effectively enhanced by the electrical current. The antibiotics that were effective against planktonic bacteria were enhanced by the electrical current while those that produced little or no activity were not enhanced.
